ABSTRACT: Soil erodibility is an essential parameter used in soil erosion prediction. This study selected the Liangshan town watershed to quantify variation in the vertical zonality of rill erodibility (k r ) in China's ecologically fragile Hengduan Mountains. Soil types comprised of yellow-brown (soil A), purple (soil B), and dry-red (soil C) in a descending order of occurrence from the summit to the valley, which roughly corresponds to the vertical climate zone (i.e. cool-high mountain, warm-low mountain, and dry-hot valley sections) of the study area. With elevation, vertical soil zonality varied in both soil organic matter (SOM) content and soil particlesize fractions. A series of rill erosion-based scour experiments were conducted, using water discharge rates of 100, 200, 300, 400, 500, and 600 mL min -1
Introduction
Soil erosion is a serious global problem. Erosion leads to land degradation, productivity loss, recurring flood events, reservoir sedimentation, and fishery habitat pollution (Shainberg et al., 1994; Lal, 2005; Stavi and Lal, 2011) . Soil erosion is impacted by both anthropogenic activities (Choudhary et al., 1997; Knapen et al., 2008 ) and a range of natural factors, such as climate (Zhang et al., 2009a; Maeda et al., 2010) , lithology (Liu et al., 2009) , topography (Agassi et al., 1990; Shainberg et al., 1992; Bennett and Casali, 2001) , soil type (Lado et al., 2004; Wells et al., 2009) , and vegetation (Xu et al., 2008; Zhang et al., 2008) .
Soil erodibility is the ease with which soil is detached by rainfall splash and surface flow effects (Römkens et al., 2002) . It is therefore an essential parameter used in soil erosion prediction . In recent years, numerous studies have investigated the effect of soil properties and land-use types on erosion processes to better quantify and define soil erodibility (Zhang et al., 2009b; Vaezi et al., 2010; Ahmadi et al., 2011; Nouwakpo et al., 2014) . Although many attempts have been made to evaluate soil erodibility (Bryan et al., 1989; Wang et al., 2013) , it is not a simple concept and cannot be defined or calculated easily. Bryan et al. (1989) , for example, advocated that soil erodibility could be characterized by the relationships between intrinsic soil properties and erosive exogenic forces (i.e. the force of rainfall, runoff or stream flow, and seepage) from a practical standpoint. Since the 1930s, there have been many studies that paid far more attention to soil erodibility in terms of soil texture and soil chemical properties, such as soil organic matter (SOM) (Bennett, 1926; Williams, 1990) . Soil erodibility estimates can also be obtained through field measurements. After the 1950s, rainfall simulators were exclusively used in soil erosion research, including soil erodibility assessments. A scouring experiment is an important method for simulating concentrated flow erosion process (Nearing et al., 1991; Zhang et al., 2003a) . To date, however, characteristics of soil erodibility remain unclear due to the inherent complexity of erosion processes and their many influencing factors (Nouwakpo et al., 2010; Diodato et al., 2011; Wang et al., 2013) .
Rill erosion is a complex type of concentrated flow erosion process where a strong interaction exists between flow conditions and rill geometry (Govers et al., 2007) . Numerous studies have reported on the relationships between rill hydraulics and soil detachment from rill formations undergoing erosion processes, and, typically, assumptions related to alluvial rivers in the literature have been directly applied to rills (Hairsine and Rose, 1992; Morgan et al., 1998) . Govers et al. (2007) reported that there have been both similarities and discrepancies between flow, sediment detachment, and transport for rivers and rills due to the shallow flows and rapid landform changes in rill systems. Fortunately, rill flow and rill detachment experiments provide the opportunity to investigate real-world rill erosion processes.
Although previous studies have advocated use of relationships between sediment flux and stream force (Moss et al., 1980; Moore and Burch, 1986) , soil particle detachment from a channel perimeter is primarily a function of applied shear stress (Ʈ) (Shainberg et al., 1994) . When Ʈ exceeds the critical shear stress (Ʈ c ) of the soil, soil particles will detach from the surface (Laflen et al., 1991) , which could be represented by the tensile strength of soil under saturation conditions (Nearing et al., 1991) . Nearing et al. (1991) proposed that particle detachment occurs when the burst force is greater than the tensile strength.
Many studies have reported that the variation in soil erosion depends on subsurface hydrological conditions, and understanding the impact of subsurface hydrology on erosion processes is therefore essential in accurately predicting soil erosion (Huang and Laflen, 1996; Fox et al., 2007; Abrams et al., 2009; Nouwakpo et al., 2010 Nouwakpo et al., , 2014 . Huang and Laflen (1996) reported that sediment concentrations under seepage were approximately 81% higher at 10% slope under conditions of concentrated flow, and seepage significantly accelerated soil erosion due to its effect on head cut development. Fox et al. (2007) reported that seepage conditions could be an important mechanism for stream bank erosion and failure within various geographical locations. Moreover, Nouwakpo et al. (2010) reported that erosion rates under seepage conditions were greater by a factor of 2.1 and 1.6 (compared with those under drainage conditions) for both high and low rainfall events and runoff intensities, respectively.
The Hengduan Mountains of China is a unique physiographical region where elevations range from 1300 to 6000 m (from approximately 4300 to 19 700 ft). This region consists of a large mountainous area located in southwest China which forms the southeastern section of the Qinghai-Tibet Plateau, adjacent to the Sichuan Basin to the west (Yao et al., 2015) . It is also a significant biodiversity hotspot in south-central and southwestern China as well as an important area for agriculture and animal husbandry (Wu et al., 2013; Xu et al., 2014) . This region is a notoriously fragile ecological zone in the upper reaches of the Yangtze River (Zhu et al., 2016) . For example, it is extremely prone to soil erosion due to its fragile geology, steeply sloping and rugged mountain topography, anomalous climatic conditions, and the intensive anthropogenic activities. As elevations increase in this region, variation in vertical zonality becomes evident in terms of climate, soil type, and vegetation.
Accordingly, the objectives of this study were: (1) to quantify variation in the vertical zonality of soil erodibility (k r ; s m -1
) and the critical shear stress (Ʈ c ; Pa) of rill erosion, and (2) to evaluate the effects of subsurface hydrological conditions on k r .
Materials and Methods

Study area
The Liangshan town watershed was selected as the study area, which is located within the Hengduan Mountains in Yuanmou Yi Autonomous County (Figure 1) . The vertical zonality of the ecological environment of Yuanmou Yi Autonomous County (25°23 0 N to 26°06 0 N, 101°35 0 E to 102°06 0 E) is due to its elevation range (from 898 to 2835.5 m). In this study, the vertical climate zone was divided into a cool-high mountainous section (from 2000 to 2835.5 m), a warm-low mountainous section (from 1350 to 2000 m), and a dry-hot valley section (below 1350 m). In the cool-high mountainous section, the mean annual precipitation is 1000.0 mm and the mean annual temperature is 10.5°C. In the warm-low mountainous section, the mean annual precipitation is 800.0 mm and the mean annual temperature is 15.5°C. In the dry-hot valley section, solar and heat resources are plentiful, with sunshine hours from 2550 to 2744 h year -1 and a mean annual temperature of 21.8°C. This section is also influenced by a dry-hot climate, which is characteristic of the region, with a mean annual precipitation rate of 634.0 mm and an average annual potential evaporation rate of 3847.8 mm. This section is consequently renowned as a center for winter vegetable production.
Typical soil types from these three vertical zones are yellowbrown soil (soil A), purple soil (soil B), and dry-red soil (soil C), which are distributed in the cool-high mountainous section, the warm-low mountainous section, and the dry-hot valley section, respectively. The dominant soil type in the cool-high mountainous section is soil A with bulk densities from 1.2 to 1.4 g cm , derives from Jurassic purple mudstone and sandstone and is classified as Primosols under Chinese taxonomy and Regosols under the FAO soil taxonomic system. Soil C, with bulk densities of 1.4 to 1.6 g cm -3 , is classified as Ustic Ferrisols under Chinese soil taxonomy and Ferralic Cambisol under the FAO soil taxonomic system (FAO, 2015) .
In the cool-high mountainous section, land cover is mainly composed of forest comprised of chir pine (Pinus roxburghii) and broadleaf tree species (Quercus semecarpifolia and Quercus glauca). Within this watershed, typical cultivated species in the cool-high mountainous section are rain-fed wheat (Triticum aestivum L.), corn (Zeamays L.), sweet potato (Ipomoea batatas (L.) Lam), and groundnut (Arachis hypogaea L.). Vegetation in the warm-low mountainous section is dominated by Dodonaea viscosa shrubs and secondary eucalyptus forests due to greater scarcity of water resources. Vegetation in the dry-hot valley section is dominated by herbs, such as Heteropogon contortus and Bothriochloa pertusa, as well as sparsely distributed Leucaena leucocephala and Dodonaea viscosa shrub species. This section subsequently resembles a tropical savanna ecosystem (Su et al., 2015a, b) .
Serious slope erosion has taken place in the warm-low mountainous section and the cool-high mountainous section, while soil erosion rates have been estimated at 1.64×10 4 t km -2 yr -1 in the Yuanmou County dry-hot valley section due to serious gully erosion (Su et al., 2014) . As a consequence, intense disturbances resulting from anthropogenic activities, lower rates of vegetation coverage, serious soil erosion, fragmented terrain, and ecological environmental degradation make this region one of the most fragile ecological zones in China.
Experimental procedure
To quantify variations in the vertical zonality of k r and Ʈ c in the Liangshan town watershed of the Hengduan Mountains, China, we used the dominant soil types (i.e. soils A, B, and C) to represent the typical soil types of the study area (Table I) . At the same time, we also investigated the different land-use types (cultivated 89 VARIATION IN THE VERTICAL ZONALITY OF ERODIBILITY-SU ET AL land and forest land) of each soil type. For each soil type, five soil sampling points were established for each land-use type using a hand-operated sampler. Surface layer samples were collected from the five soil sampling points to a depth of 20 cm, which were then bulked to make a composite sample. To ensure an adequate amount of soil material for the scour experiments, roughly 15 kg of soil material was collected from each sampling point. Soil sampling was conducted from May 20 to May 30, 2015.
Coarse material was removed from the soil samples, and then the soil samples were sieved through a 2-mm mesh after being air-dried and crushed. Particle size fractions (<2 mm) were used for all subsequent analyses and scouring experiments. *A = Yellow-brown soil; B = Purple soil; C = Dry-red soil. A mini-flume (0.50 m long, 0.05 m wide, and 0.15 m deep) was used to conduct the scouring tests. The mini-flume was similar to the mini-flume previously used by Nouwakpo et al. (2010) . A V-shaped channel was constructed at each end of the flume to force water flow into the mini flume at a specified geometrical shape (Figure 2 ). The V-shaped channel was formed merely as a convenience as well as a consistent way from which to start a rill experiment in a mini-flume. As soon as the channel started to erode, it automatically formed a U-shaped rill. The width of the channel and the depth of the flow in the eroding rill were self-regulated by the interaction of soil erodibility and flow hydraulics. A layer of fine sand was glued to the entry channel to increase surface roughness and minimize differences in roughness between the soil and the channel.
A series of scour experiments were run under water discharge rates of 100, 200, 300, 400, 500, and 600 mL min -1 . Overland flow was delivered to the upstream end of the flume using a current stabilizer to maintain a constant water head that was comprised of a sweep tee, an equalization pond, and a flow meter. Drain holes were added to the bottom of the flume to control upward seepage flow or downward drainage discharge. A Mariotte bottle, equipped with a flow control valve and a lifter, was used to control seepage water flow into the flume.
Each flume was filled with pea gravel up to a designated height (0.05 m) marked by a line inside the main compartment of the mini-flume. Soil was added and properly compacted over the pea gravel to a depth of 0.10 m to the top of the mini-flume to ensure even hydraulic pressure and water flow into the overlying soil. The downward movement of water through the soil drained through the pea gravel into the drainage holes. A V-shaped plow was used to maintain a straight line through the rill by gently running the plow down the length of the rill to cut a V-shaped channel through its entire length. Excess soil material was removed and then the surface was reshaped until the rill was level and even. Soil was weighed before and after the fill process to maintain a soil bulk density that roughly corresponded to field conditions. The mini-flume slopes were set to 5°using a clinometer and maintained throughout the entire scouring experiment. Each experiment was replicated three times.
Soil detachment was measured by collecting runoff samples every 50 s during the 600 mL min À1 flow rate treatment and every 60 s for the 100, 200, 300, 400, and 500 mL min À1 flow rate treatments. The duration of each experiment was approximately 10 to 15 min. Following this, runoff samples were weighed to obtain the runoff volume resulting from the addition of seepage or the loss of infiltration. Sediment weight was determined by oven drying runoff samples at 105°C, after which sediment discharge rates were calculated.
Soil physical and chemical properties
Soil physical and chemical properties were determined using typical analytical methods (Liu, 1996) . Soil particle-size fractions were determined using the pipette method subsequent to hydrogen peroxide treatments to remove SOM, and dispersion using sodium hexametaphosphate. SOM was determined using wet oxidation with potassium dichromate (K 2 Cr 2 O 7 ).
Rill erodibility and critical shear stress ):
where k r is the rill erodibility, which accounts for soil resistance to rill erosion (s m -1 ); τ is the flow shear stress acting upon soil particles (Pa); τ c is the critical shear stress (Pa); and m is a constant that ranges from 1 to 2 (Partheniades, 1965) . Flow shear stress can be obtained using the following equation:
where γ is the specific weight of water (N m -3 ); r is the hydraulic radius of flow (m); and S is the rill slope.
In this study, the hydraulic radius was obtained from the rill erodibility study by Shainberg et al. (1994) :
where Q is the flow rate (m 3 s -1
), and n is the Manning's roughness coefficient, which was estimated at 0.02 under the experimental conditions of our study.
Data analysis
Nonlinear regression analysis was used to determine relationships between flow Ʈ and the Dr. All statistical analyses were conducted using OriginPro 8.0 software and SPSS 10.0.
Results
Basic soil physical and chemical parameters Table I provides the SOM content and the soil particle-size fractions in the Liangshan town watershed. For cultivated land and forest land, soils A and B had higher SOM content, while soil C had the lowest SOM content. No obvious differences in SOM content were found for soils A and C between the cultivated and forest land-use types. However, an obvious difference in SOM content was found for soil B between the cultivated and forest land land-use types. Silt content (with a particle-size fraction from 0.05 to 0.002) in soil A ranged from 64.37% to 72.47%, while sand content (with a particle-size fraction from 0.05 to 2) in soil C ranged from 67.55% to 68.96%. For cultivated land, sand and silt content in soil B were 40.31% and 41.61%, respectively, while for forest land, sand and silt content in soil B were 57.07% and 30.35%, respectively. These results indicated that soil A had high silt content and soil C had high sand content.
Soil erodibility between the different subsurface hydrological conditions During the rill erosion process Dr decreased over time (Figure 3 ). Soil erosion rates under the different flow rate treatments were initially high immediately after they began. After approximately 4 to 5 min, when loose particles were removed from the soil surface, steady-state erosion rates were attained. Following this initial high erosion rate, runoff samples were collected to measure the soil Dr and to calculate Kr and Ʈc using Equation (1). As observed in previous studies, steady state hydraulic properties were often achieved following an initial period of adjustment (Franti et al., 1999; Su et al., 2015a, b) .
Figures 4, 5, and 6 provide the k r values under the different subsurface hydrological conditions obtained from the scouring experiments. As flow rates increased from 100 to 600 mL -1 , Ʈ increased exponentially under the drainage, saturation, and seepage treatments (P<0.01). Under lower flow rates (from 100 to 400 mL min -1 ), Dr increased slowly; however, Dr increased rapidly when flow rates were greater than 400 mL min -1 and Ʈ c was greater than 1.6 N m -2 . Significant differences in k r were observed under the different subsurface hydrological conditions (Table II) . As hydrological conditions changed (from drainage to saturation to seepage treatments), k r values in each soil type gradually increased. Unlike k r values, Ʈ c values obtained from the regression procedure did not show significant increasing or decreasing trends among the different hydraulic treatments (Table II) . For cultivated land under the drainage, saturation, and seepage 
Soil erodibility under different elevations
As elevation decreased, soil types changed in descending order from soils A, B, and C, which caused variation in the vertical zonality of soil types in the study area. For cultivated land, k r values increased as elevation increased (Table II) . Under the drainage treatment, k r values in soil C were greater by a factor of 0.85 compared with soil B, while k r values of soil B were greater by a factor of 3.33 compared with soil A. Under the saturation treatment, k r values of soil C were greater by a factor of 1.91 compared with soil B, while k r values of soil B were greater by a factor of 1.06 compared with soil A. Under the seepage treatment, k r values of soil C were greater by a factor of 8.75 compared with soil B, while k r values of soil B were greater by a factor of 3.62 compared with soil A.
Similar to the k r values of cultivated land, k r values of forest land also increased as elevation increased. Under the drainage treatment, k r values of soil C were greater by a factor of 10.25 compared with soil A, while k r values of soil B were greater by a factor of 1.00 compared with soil A. Under the saturation treatment, k r values of soil C were greater by a factor of 3.75 compared with soil A, while k r values of soil B were greater by a factor of 0.08 compared with soil A. Under the seepage treatment, k r values of soil B were greater by a factor of 15.09 compared with soil A, while k r values of soil C were greater by a factor of 7.16 compared with soil A.
No obvious variation was observed in the vertical zonality of the Ʈ c values. For cultivated land, a fluctuating decreasing trend in Ʈ c values was observed for all three soil types under both the drainage and saturation treatments as elevations increased. However, under the seepage treatment, a fluctuating increasing trend in Ʈ c values for cultivated land was observed as elevations increased. For forest land, a fluctuating decreasing trend in Ʈ c values was observed for all three soil types under both the drainage and seepage treatments as elevations increased, while an increasing trend in Ʈ c values was observed for the three soil types under the saturation treatment for cultivated land.
Discussion
Relationships between the physical and chemical parameters of soil and elevation Variation in vertical zonality was observed in the basic physical and chemical parameters of soil for all three soil types as elevation increased (Table I) . Moreover, sand content decreased while silt content increased as elevation increased. A significant positive correlation was observed between elevation and silt content, while a significant negative correlation was observed between elevation and sand content (Table III) . At the same time, SOM content increased as elevation increased. A significant positive correlation was observed between elevation and SOM content (Table III) . This is noteworthy because SOM is considered a key soil property as it plays a central role in soil quality and functionality (Sommer et al., 2016) . High SOM content typically indicates good soil structure, aggregation, and soil fertility. In other words, SOM content was lower in the dry-hot valley section and higher in the cool-high mountainous section, and this was attributable to the different solar and heat conditions between the two elevations. Such elevated solar and heat conditions could also lead to the rapid mineralization of SOM.
Impacts of elevation on soil erodibility
Similar to the other soil properties, vertical zonality in k r values was observed in the study area. A negative linear correlation was observed between elevation and k r values under the drainage, saturation, and seepage treatments (Table III) . Under the drainage treatment, significant differences in k r values were found between soils A and C (Table IV) , and significant differences in k r values were found between soils B and C (P<0.1). Under the saturation treatment, significant differences in k r values were found between soils A and C, and significant differences in k r values were found between soils B and C (P<0.1). However, under the seepage treatment, no significant differences in k r values were found among soils A, B, and C.
Furthermore, k r values were significantly correlated to SOM, sand, and silt content (Table III) . These results indicated that the variation observed in k r values was not only affected by changes in soil type caused by variations in elevation, but also affected by changes in SOM, sand, and silt content. Results from our study are consistent with other studies that showed that aggregate stability, bulk density, soil texture, and SOM are important influencing factors on soil erodibility (Gupta et al., 2010; Ahmadi et al., 2011; Wang et al., 2013) .
No significant correlations were observed between elevation and Ʈ c values under the drainage and seepage treatments, while a significant correlation was observed between elevation and Ʈ c values under the saturation treatment (Table III) . At the same time, with the exception of Ʈ c values under the saturation treatment, Ʈ c values under the drainage and seepage treatments were not significantly correlated with SOM, sand, and silt content. Furthermore, with the exception of Ʈ c values under the saturation treatment, no significant difference in Ʈ c values was found among the different soil types (Table V) . These results indicated that variations of vertical zonality in Ʈ c values were difficult to explain by changes in soil type resulting from variations in elevation and SOM, sand, and silt content. Accordingly, further studies are necessary to quantify the effects of elevation on Ʈ c values in China's Hengduan Mountains.
Impacts of subsurface hydrological conditions on soil erodibility
Many studies have investigated the impact of pore-water pressure on soil erosion processes (Huang and Laflen, 1996; Römkens et al., 2002; Fox et al., 2007; Nouwakpo and Huang, 2012) . During long periods of rainfall, soil hydrology could be simplified into three conditions: drainage, saturation, and seepage. A laboratory experiment by Huang and Laflen (1996) showed that seepage conditions led to surface erosion susceptibility on a hillslope. A similar study by Römkens et al. (2002) also showed that subsurface soil-water pressure significantly affected sediment concentrations in runoff but only marginally impacted runoff amounts. These results suggest that soil porewater pressure could directly affect k r values. Among the three hydrological conditions employed in this study, the highest k r values were obtained under the seepage treatment, and k r values under the saturation treatment were higher than under the drainage treatment (Table II. At the same time, significant differences in k r values were found between the drainage treatment and the seepage treatment, and significant differences in k r values were found between the saturation treatment and the seepage treatment (Table VI; P<0.1). These results confirmed that an increase in soil pore-water pressure will result in an increase in soil k r values and a decrease in soil resistance. In other words, compared with downward drainage gradients, soil seepage was induced by an upward directed hydraulic gradient and, hence, resulted in a much lower capacity for soil resistance. This is consistent with a study by Nouwakpo et al. (2010) who showed that an upward directed gradient resulted in positive pore pressure and, hence, led to significantly higher k r .
Impacts of land-use type on soil erodibility
Various studies from a number of research areas have obtained data related to the effects of land-use type on soil erosion (Galang et al., 2007; Capolongo et al., 2008; Zhang et al., 2009b; Bouajila and Gallali, 2010; Su et al., 2015a) . Bouajila and Gallali (2010) , for example, reported that the conversion of native forests to cultivated land was accompanied by a decline in SOM and nutrients as well as the deterioration of soil structure, which resulted in the acceleration of soil erosion processes. An experiment conducted on purple soil slopes in the hilly region of Sichuan Province, China, also reported that forest and grassland land-use types could significantly improve the anti-scourability of soil (Zhang et al., 2003b) . In this study, although no statistically significant difference in k r values was found between cultivated and forest land-use types, an obvious difference in k r values was still observed between cultivated and forest land-use types (Table II) . For soil A, k r values under the drainage, saturation, and seepage treatments in cultivated land were lower compared with forest land. For soil B, k r values under the drainage and saturation treatments in cultivated land were higher compared with forest land. For soil C, k r values under the drainage and saturation treatments in cultivated land were lower compared with forest land. However, the impact of land-use types on k r was inconclusive in this study. Accordingly, further studies are necessary to quantify the effects of land-use type on soil erosion processes under different soil zonalities in China's Hengduan Mountains.
Conclusions
Studying variation in soil erodibility and its influencing factors is of great importance for understanding soil erosion mechanics and predicting soil loss. Using scouring experiments, this study investigated variations in vertical zonality for k r and Ʈ c values in the Hengduan Mountains, a fragile ecological region in China. As elevations increased, an increasing trend in SOM content and silt content was observed. However, elevation was negatively correlated to sand content. As elevation increased, k r values decreased, and this was due to the different soil types and their respective SOM content and particle-size fractions. However, no obvious spatial variation in vertical zonality was observed for Ʈ c values in the Hengduan Mountains. Land-use types were observed to alter k r and Ʈ c values. Among the three subsurface hydraulic treatments investigated, the highest k r values were observed under the seepage treatment, and k r values under the saturation treatment were higher compared with the drainage treatment, indicating that vertical hydraulic gradients could significantly affect k r values. Further relevant studies are necessary to better quantify the effects of subsurface hydrological conditions on k r under different soil zonalities in China's Hengduan Mountains. Additionally, data from this study could be useful in developing soil erosion simulation models for application in China's Hengduan Mountains. 
